Abstract-We report the design and performance of thin-film microsusceptometers intended for magnetic measurements on samples at variable temperature down to the low mK range and excitation frequencies of up to about 1 MHz. The devices are realized as first-order gradiometers with two circular loops of 60 µm or 30 µm average diameter resulting in a total inductance of 360 pH or 250 pH, respectively. An integrated excitation coil generates a magnetic field with a sensitivity of 0.1 T/A at the sample position, whereas the Josephson junctions are located in a field-reduced area. The susceptometers are fabricated by a conventional Nb/AlOx/Nb trilayer process. In order to enhance the sensitivity to the level required for the measurement of sub-µm samples, an extra detection loop of about 450 nm inner diameter was integrated into one of the pickup loops by using a focused ion beam (FIB). We show that this device is able of detecting signals from very small permalloy samples. An improved susceptometer design for equipment with integrated nanoloops is also presented, for which a total inductance of 50 pH is predicted.
INTRODUCTION
Superconducting quantum interference devices (SQUIDs) are sensitive detectors for weak magnetic signals. Typically, they are designed with microscale dimensions and fabricated using well-established, reliable multilayer thin-film processes. The growing interest in the investigation of nanoscale samples stimulated the development of so-called nanoSQUIDs, i.e., devices with overall loop dimension in the sub-µm regime. The size reduction was driven by the need to improve the coupling to the sample and to achieve a lower flux noise. Unfortunately, due to limitations in Josephson junction fabrication, the best noise levels of today's nanoSQUIDs are just comparable to those of optimized microscale SQUIDs [1] - [3] . In this paper, we present a scheme to improve the coupling to nanoscale samples while still using conventional SQUID technology.
II. BASIC CONCEPT
The basic idea is illustrated in Fig. 1 by three representative pickup loop configurations labeled A-C. Loop A exhibits a minimum line width and spacing of 1.5 µm; it can thus be fabricated with conventional optical lithography. In case B, a quasi-circular nanoloop (approximated by a regular octagon) is added by removing material from the microloop. This nanoloop is connected in series to the microloop. An inner diameter of 300 nm and a minimum line width and spacing of 100 nm are assumed, which require advanced patterning techniques. As shown in case C, the dimension of the nanoloop can be further reduced, resulting in a narrow end piece shaped like loop A but with a minimized gap of 100 nm instead of 1.5 µm.
For a practical susceptometer, two series-connected pickup loops are wired as a first-order gradiometer in order to minimize the output signal without sample. The net magnetic flux Φ in the SQUID is the sum of the fluxes in both pickup loops. To determine the SQUID's sensitivity to nanoscale samples, we calculate the total flux that a point-like magnetic dipole of magnetic moment µ couples to the nearby pickup loop L P . The dipole is assumed as a planar current loop of current I and area A resulting in µ = I A and hence Φ = M I = M µ/A (M is the mutual inductance between the current loop and L P ). Using the Lorentz reciprocity theorem, which states that sources and fields can be interchanged, the flux B P A = M I P can be related to the magnetic dipole. Here, I P is a current circulating through the pickup loop, B P is the flux density generated by I P at the dipole position, and the vectors of B P and µ are oriented in the same direction for maximum coupling. By combining the above equations one obtains A film thickness of 100 nm is assumed. The magnetic field is calculated along the horizontal lines in Fig. 1 at a height z = 50 nm above the substrate surface; here, due to symmetry, BP has a z-component only.
Equation (1) shows that the transfer coefficient B P /I P is a figure of merit for the coupling between a magnetic dipole and the pickup loop. It may be specified in units of T/A or Φ 0 /µ B where Φ 0 = 2.068×10 -15 Vs is the flux quantum and µ B = 9.274×10 -24 Am 2 is the Bohr magneton.
To demonstrate the gain of the nanoloop, we simulated B P /I P for the three cases in Fig. 1 using the COMSOL Multiphysics® finite element program package. To simplify the simulation, we have considered two approximations for the Nb thin-film: ideal diamagnet with zero London penetration depth λ L or normal conductor. For the nanoloops B and C in Fig. 1 the deviations between these two cases are quite moderate, i.e., the "true" result will depend only weakly on λ L (cf. Fig. 2 ). In contrast, for the microscale pickup loop A the normal conductor approximation significantly underestimates the magnetic field because screening currents in the wide Nb film strongly affect the current distribution. Due to the large loop dimensions as compared to the penetration depth λ L , the approximation λ L = 0 is expected to yield realistic results if the distance between sample and coil edge is larger than a few λ L . With a sample near the coil center, a roughly ten-fold improvement in B P /I P is predicted for the smallest nanoloop C compared to loop A.
III. EXPERIMENTAL VERIFICATION
To verify the predictions, the circuit line of one of the loops in a susceptometer was modified using a 48 pA focused beam of Ga + ions (FIB) in a Dual-Beam Helios NanoLab TM 600 system from FEI. As a result, we obtained a nanoloop with an inner diameter of ≈450 nm and a line width of ≈250 nm (see inset in Fig. 3 ). The thickness of the bottom Nb was ≈250 nm.
We measured the main characteristics of the SQUID susceptometer (current-voltage and voltage-flux curves, noise) before and after performing the FIB process, without noticing any appreciable changes. We only observed a small (0.4%) change in the mutual inductance imbalance of the two pickup loops with respect to the excitation coils, due to the removal of some superconducting material. In order to fabricate a sufficiently small test sample, we deposited, using electron-beam evaporation, a 125 nm thick permalloy layer on a 50 nm PELCO® silicon nitride support film, commonly used for the preparation of transmission electron microscopy samples. Then a small piece of this sample was cut with the FIB and transported close to the nanoloop using an Omniprobe manipulator working inside the Helios 600 and monitored by SEM. Fig. 4 shows the result of the test sample measurement performed at 4.2 K. The signal arising from the sample was obtained by subtracting the output of the empty susceptometer. The in-phase signal χ' shows a weak, close to logarithmic, dependence on frequency below 10 kHz, with a partial roll-off above this frequency. In agreement with Kramers-Krönig relations (dχ'/dlnω = -π/2χ"), the out-of-phase signal χ" increases with frequency. These dependences are characteristic of magnetic materials having broad distributions of magnetic relaxation times. A similar behavior has been previously observed for other soft magnetic materials, such as Co based amorphous alloys [4] and magnetic tapes [5] . Fig. 4 . In-phase and out-of-phase output signals of a SQUID susceptometer with nanoloop coupled to a permalloy sample, as shown in the inset. The output signal of the empty susceptometer has been subtracted. An ac current of 2.5 mA rms was applied to the excitation coil, which generates a magnetic flux density of 250 µT rms in the pickup loops.
IV. IMPROVED SUSCEPTOMETER DESIGN
Stimulated by the promising experimental results, we designed a miniaturized susceptometer optimized for nanoloop integration. The basic characteristics of this new device are summarized in Table I along with those of the existing susceptometers. As before, the pickup loops L P are directly forming the SQUID loop. A separate feedback coil L F is connected in series to the pickup loops for applying a feedback flux; the series connection minimizes the effect on the magnetic field at the sample position because there is no circulating current in the SQUID loop resulting from feedback operation. The total SQUID inductance is given by
where L S is the stray inductance of one half of the symmetric SQUID. Note that a second dummy inductance L F has to be added for maximal symmetry/balance.
The new design is based on the previous one (see Fig. 5 ). The large pickup loops are shrinked to a mimium (1.5 µm line width and spacing with our optical lithography), and the 11-turn excitation coils are replaced by single Nb1 lines closely surrounding the pickup loops. As both excitation and pickup loops are implemented in the same layer, effects from mask alignment are suppressed. Due to the minimal gap between the lines, a relatively high excitation coil sensitivity B E /I E of about 0.06 T/A is achieved. The excitation coil is designed as a second-order gradiometer such that the magnetic stray field has a zero-crossing at the position of the Josephson junctions (JJs). The device is integrated on a 3.3 mm × 3.3 mm chip together with a 16-SQUID series array for readout in a two-stage (2stage) configuration [6] .
Normal operation requires only one of the two pickup loops to be equipped with a sample. To lower the total SQUID inductance, the second pickup loop may be used for flux feedback thus eliminating the need for a separate feedback coil and removing the L F contribution in (2) . However, this makes the coil driving more complicated, in particular at high excitation frequencies. The coplanar Nb1 interconnect lines are covered with Nb2 plates (separated by the Si x N y isolation layer) in order to minimize the stray inductance contribution L S . The high-field region near the sample was kept free from covers to minimize excitation field distortion and to reduce problems with flux jumps at high fields [3] . V. CONCLUSION We have presented the scheme of integrating a nanoscale pickup loop into a microscale SQUID. This combination takes advantage of the high reliability and reproducibility of modern trilayer SQUID fabrication while still achieving a low flux noise of 0.5 µΦ 0 /√Hz at 4.2 K. By realizing a nanoloop of 100 nm minimum line width and spacing, transfer coefficients of up to 25 nΦ 0 /µ B can be achieved, corresponding to a very low equivalent spin noise of 20 µ B /√Hz. This noise level could even be further reduced by using smaller Josephson junctions [2] .
